This paper studies the behavior of the magnetic eld near the center of the reconnection layer in the framework of two dimensional incompressible resistive magnetohydrodynamics with uniform resistivity in a steady state. Priest and Cowley have presented an argument [1] showing that when the viscosity is zero, the magnetic separatrices do not cross at a nite angle but osculate at the X-point. In the present paper it is shown that this conclusion is in fact not correct. First, some results of numerical simulations of the reconnection layer are presented. These results contradict the conclusions of Priest and Cowley. In order to explain this contradiction, an analytical theory for the neighborhood of the X-point i s developed in the second part of the paper. It is found that, if the viscosity is exactly equal to zero, then one of the critical assumptions of the above mentioned argument, namely the assumption that the stream function can be Taylor-expanded near the X-point, breaks down. In the case of small but nite viscosity a boundary layer analysis in the vicinity o f the neutral point is carried out. Some of the higher derivatives of become very large near the X-point, leading to a non-zero angle between the separatrices. As goes to zero, the boundary layer shrinks and one can see the emergence of the non-analytic logarithmic terms in the expansion of in the outer region. The results of the boundary layer analysis are found to be in good agreement with the numerical simulations. 
I. INTRODUCTION.
There is a very well known argument concerning the behavior of magnetic eld near the center of the reconnection layer in the framework of two dimensional steady state incompressible resistive MHD (magnetohydrodynamics) with uniform resistivity. This argument was rst made by Priest and Cowley [1] , Cowley [2] , and then also repeated by Shivamoggi [3, 4] and Biskamp [5, 6] . The main result of this argument is that in the absence of viscosity the magnetic eld lines do not cross at a nite angle (as in Fig. 1 ) but osculate (Fig. 2) at the X-point. In this paper we rst reproduce this argument, and then show where and how it fails.
Following Biskamp [5, 6] , the argument goes as follows.
We consider the central part of the reconnection layer with small uniform resistivity and viscosity and assuming incompressibility. In a steady state, the plasma is described by the resistive MHD equations: j = E + v B (1) v r v = rp + j B + r 2 v (2) where the density is set equal to unity.
Considering only the two-dimensional problem, we i n troduce the magnetic ux function (x; y) and the stream function (x; y): B = e z r (3) v = e z r (4) Then, the steady state Ohm law (1) can be written as @ x @ y @ y @ x = r 2 E (5) where E E z = const.
Upon taking the curl of the equation of motion (2), we get @ x @ y ! @ y @ x ! = @ x @ y j @ y @ x j + r 2 ! (6) where ! = r 2 is the vorticity, and j j z = r 2 is the current density. We consider the simplest possible geometry with up-down and right-left symmetry (see Fig. 1 ). The stagnation point of the ow coincides with the neutral point of the magnetic eld, that is with the center of the current l a y er (x = 0 , y = 0). Because of the reection symmetry, the magnetic ux function must be even, and the stream function must be odd with respect to both x and y axes. Then, in the vicinity of the neutral point w e write the Taylor expansion for (x; y) and (x; y) i n x and y as follows: 
Since at the origin B = v = 0, and hence j(0; 0) = E, Eq. (5) gives ( 20 + 02 ) = E (9) Dierentiating Eq. (5) 20 or 02 has to be zero. Choosing 20 6 = 0, which corresponds to the current l a y er along the horizontal midplane x = 0, one gets 02 = 0 ; (14) or B x (x = 0 ; y ) = @ =@x y 3 . This implies an osculating conguration (see Fig. 2 ), which is clearly dierent from the X-point conguration (Fig. 1) characterized by B x (x = 0; y )y . It is then argued that this behavior indicates the inherent tendency to formation of long current sheets in a reconnecting resistive magnetized uid.
While we agree that in general for reconnection to occur a very narrow current sheet has to be formed, we do not agree with the conclusion (14).
Our objection to this conclusion is based on the following observation. We note that the above argument is designed to work inside the resistive diusion region, and therefore means that 02 = 0 exactly, e v en on a microscopic scale. The derivation leading to Eq. (14) is actually based upon the assumption that the stream function remains analytic and can be Taylor-expanded even in the limit of zero viscosity. In other words, one implicitly assumes that the higher order derivatives, e.g. 51 , on the RHS (the right hand side) of Eq. (13) stay nite as ! 0.
However, if the viscosity is set to zero from the very beginning, then the term containing the highest order x-derivative o f v orticity in Eq. (6) is v x @!=@x. The coecient before this derivative v anishes on the midplane x = 0 : v x ( x = 0 ; y ) = 0. Therefore, as far as the x-direction is concerned, x = 0 is a regular singular point of the equation of motion without viscosity, and one should actually expect a non-analytic behavior of the stream function near x = 0 . T h us, the Taylor expansion (8) should fail in this limit. Now, if one keeps the viscosity nite, then, of course, the stream function is analytic, because x = 0 is a regular point in this case. However, by considering the limit of very small viscosity, , one introduces a new small parameter (the viscosity), and therefore it is not surprising that a boundary layer develops near the line x = 0. When ! 0, the thickness of this boundary layer goes to zero, but some higher order derivatives (such a s 51 ) inside the boundary layer become (as we will show) very large. As a result, the RHS of Eq. (13) stays nite, while each of the factors on the LHS approaches a nite value as ! 0. In particular, 02 does not have to be zero, thus allowing the separatrices to cross at a non-zero angle. Outside of the boundary layer (i.e. as seen at the scales much larger than the boundary layer thickness ) one can neglect the viscosity, but can no longer assume that the stream function (and the magnetic ux function as well) has a regular behavior and can be expanded in a Taylor series according to Eq. (7)- (8) .
In Section II we i n troduce a simplied system of rescaled equations for the reconnection layer. In Section III we present some numerical evidence for the existence of the viscous boundary layer inside the reconnection region. In Section IV we perform the boundary layer analysis and show h o w the singularity emerges as ! 0. We then present our conclusions in Section V.
II. THE SYSTEM OF RESCALED EQUATIONS.
First, it is convenient to simplify our MHD equations by making use of the smallness of the resistivity , and to rescale it out of the problem. In other words, we rescale the distances and the elds in the y-direction to the corresponding global values (i.e. the length of the layer L, the magnetic eld just outside of the layer B 0 , and the corresponding Alfv en speed V A ), while rescaling the distances in the x-direction and the x-components of the velocity and magnetic eld to the corresponding Sweet which allows us to determine pressure in terms of B y (x; y), once we know the pressure and the magnetic eld outside of the reconnection layer. As usual, we set the pressure to zero outside the layer. Also, we take the magnetic eld B 0y (y) outside the reconnection layer in the simplest form corresponding to the Syrovatskii current sheet [7] : B 0y (y) = where we h a v e used the pressure balance Eq. (18).
Let us remark that, when the rescaled viscosity is small ( 1), it plays a role of the new small parameter in Eq. (19), and is responsible (as will be shown in Section IV) for the viscous boundary layer inside the main reconnection layer. (Since the physically important viscosity is the viscosity perpendicular to the magnetic eld, it is reasonable that it is small compared to or, in the rescaled units, 1.) Now, if one applies the same Taylor expansion procedure as in Section I to the rescaled equations (16) and (19), one can easily get a result similar to that by Shivamoggi [3, 4] and Biskamp [5, 6] (note that now w e consider x ! 0 on the microscopic scale, i.e. x l SP ). 1. This angle is small, but still not zero. However, if 02 = 0, then the separatrices have to osculate even on this Sweet-Parker scale, i.e. they cross at an angle which is really equal to zero. The rest of this paper is devoted to showing that 02 does not have to be zero even in the inviscous case, in contradiction with the conclusions by Priest and Cowley, Shivamoggi, and Biskamp. We believe that, by doing this rescaling procedure, we h a v e preserved all the important features of the reconnection problem, in particular, the nature and the main result of Priest's and Cowley's argument outlined in Section I. We shall therefore analyze the system of rescaled equations (16), (19). The main result of our analysis, i.e. the presence of the viscous boundary layer along x = 0 and the emergence of singular behavior in the limit ! 0, should be true for the system of unrescaled equations (5) and (6) 
III. NUMERICAL SIMULATION.
In order to study the behavior of our system, we ran a series of numerical simulations for dierent v alues of the viscosity. The steady state described by the system of rescaled equations (16) with natural unit of time being the Alfv en time A = L=V A . The details of the simulation, the numerical scheme, and the boundary conditions will be described later in a subsequent paper.
In our simulation we h a v e found that the system approaches a unique steady state independent of the initial conditions in a few Alfv en times. The steady state electric eld was found to be 1.07 times the Sweet-Parker value (B 0 V A = p S). We also found that relationships (20)-(23) are indeed satised. However, the coecient 02 approaches a nite value in the limit ! 0, while 51 goes to innity in this limit in such a w a y that 51 in equation (23) remains nite. The coecient 31 has a logarithmic dependence on the viscosity, which will be explained at the end of the next Section. The dependence of the expansion coecients on the viscosity is summarized i n T able 1, and in Figs. 3a and 3b. Their behavior suggests a viscous boundary layer, so we performed the boundary layer analysis presented in the next section.
IV. BOUNDARY L A YER ANALYSIS.
In this section we consider the system of rescaled steady state equations (16), (19) in the small viscosity limit.
Near the origin, let us write the expansion for up to the second order in y and the expansion for up to the rst order in y in the following forms: Outer Region Analysis:
Outside of the boundary layer, the thickness of which will be estimated later, we can neglect the viscous term: 2 0 outer (x) x 00 outer (x) = x 2
This equation describes the behavior of outer (x) for small x (but x ). 
Substituting these C 1 (t) and C 2 (t) i n to Eq. (41) We see that the agreement b e t w een (59)-(60) and the numerically obtained values of 31 and 51 is very good, and it improves with decreasing viscosity.
V. DISCUSSION AND CONCLUSIONS.
In this paper we present a boundary layer analysis near the X-type neutral point a t t h e center of the reconnection layer in incompressible resistive MHD. First we show that, in the case of zero viscosity, the Taylor expansion procedure employed by Priest and Cowley [1, 2] , Shivamoggi [3, 4] , and Biskamp [5, 6] is not justied. The solution of the MHD equations (16) and (19) with = 0 is given in Section IV by our outer solution (see equations (27) and (32) for the velocity stream function , and by equations (26) and (33)- (34) for the magnetic ux function ). It is clear that and do not have a T a ylor expansion near x = 0 , c o n trary to the assumption of Refs. [1] - [6] . Thus we nd that the conclusion that 02 = 0 when = 0 , and hence that the magnetic separatrices have to osculate at the X-point in this case, is not correct.
Then we consider the case of small but nite viscosity. W e show, both numerically and analytically, that, as the viscosity becomes very small, some of the higher derivatives of the stream function, particularly 51 , become very large. The product 51 remains nite, and from Eq. (23) it follows that 02 does not have to become zero. In general, it stays nite (on the Sweet-Parker scale { see discussion at the end of Section II) as ! 0.
The value of 02 (as well as the values of some other expansion coecients, such a s 20 and 11 ) can not be determined from the analysis in the vicinity of the X-point only. I n fact, this value is determined by the solution of the total problem concerning the entire resistive reconnection layer, in particular by the boundary conditions for the reconnection layer. These boundary conditions are represented by the magnetic eld B 0y (y) just outside of the reconnection layer [9] . In our numerical simulation we h a v e studied the case when B 0y (y) = B 0 q 1 y 2 =L 2 , which is a generic form for a typical Syrovatskii-like current sheet [7] . The value of 02 was found to be equal to -0.64 (see Table I ).
We w ould like to point out that it might be not impossible for one to nd some special case of these boundary conditions corresponding to 02 = 0, in which case the separatrices would osculate. In general, however, this is not so, and 02 6 = 0 .
It is worthwhile to mention that in this paper we h a v e considered only the boundary layer (and the corresponding non-analytic behavior emerging in the limit ! 0) only in the xdirection. Our analysis assumes that the behavior in the y-direction is regular, at least up to the required orders in y (i.e. linear in the equation of motion (for function ) and quadratic for ). This is justied by the results of our numerical simulation. However, if we w ent t o higher orders in y, w e w ould probably encounter non-analytic, log-like dependence of and o n y . Indeed, in the physically most interesting limit of innitely large Lundquist number, which w e consider here, the resistivity acting in the y-direction in our rescaled equations is negligible. Since we consider the limit when the viscosity is small compared with the resistivity, w e then have to let the viscosity acting in the y-direction also go to zero in the rescaled equations. Then, since V y (y = 0 ; x ) = 0 , w e see that, for both Ohm's law (16) and the equation of motion (19), y = 0 is a regular singular point in the y-direction. Therefore, we should expect some non-analytic behavior in the y-direction (as well as in the x-direction). Apparently, h o w ever, because the x-and y-directions enter in a very non-symmetric way in our rescaled equations, such a non-analytic behavior exhibits itself only in suciently high orders in y. In addition, it is not easy to recognize such a non-analytic behavior in y in a numerical simulation, because there is no qualitative feature associated with it as the crossing of the separatrices at a nite angle is associated with the non-analyticity i n t h e x -direction.
If we l o o k i n to a situation with nite Lundquist number S, w e will have to consider the original unrescaled equations (5)-(6) { our rescaling procedure of Section II does not work (note that Priest, Cowley, Shivamoggi, and Biskamp do not actually assume large S in their analyses). In this case, as we consider the limit of small (compared with the resistivity) viscosity, w e should expect boundary layers along both the x-and y-axes, because these axes are the separatrices for the velocity eld. These boundary layers cross at the stagnation point at a 90 angle. The analysis becomes rather complicated, because of the larger number of terms involved, and also because of a possible interaction between the two boundary layers. Nevertheless, the qualitative picture will remain the same: some of the higher derivatives will be very large inside the boundary layers, and outside of the boundary layers the and functions will have non-regular behavior in the limit ! 0. Thus, we expect that the conclusion that 02 = 0 will fail again, and the separatrices will cross at a non-zero angle.
In any e v ent, we can conclude that the argument leading to 02 = 0 in unrescaled equations can not be rigorous, because the same argument could be used to imply 02 = 0 in the rescaled equations. 
